Infrared is the second most intense radiation band in our environment and its detection and imaging have extensive industrial, military, and commercial applications. [1] Up to now, different types of IR detectors have been developed. [2] However, the limiting factors to wide use of IR imaging have been the high cost of IR cameras and the high power consumption required for detector cooling and readout electronics. Our group is aiming at overcoming these limitations by developing a low cost, high performance uncooled focal plane array (FPA) with a low power, noncontact optical readout. [3−10] One of the most significant achievements is the strategy of the substrate-free FPA. [8] Its architecture is substantially different from the conventional design, there are no electrical connections or onboard electronics, and the substrate material underneath the effective absorbing area is completely removed. Early experiments have shown that the substrate-free FPA not only provides an unobstructed optical path for IR radiation, but also greatly improves the performance of IR detection to several times higher than the conventional substrate FPA. Using the finite element analysis (FEA), the substratefree FPA has been discussed rigorously, and it was found that the thermal response of the substrate-free FPA would be estimated by comprehensive analysis of the heat affected zone better than a single pixel. [8, 9] However the FEA has the disadvantages of being both complex and time consuming, especially when the array size of the FPA is larger and larger. In this Letter, an equivalent circuit model to the substrate-free FPA is presented and applied to identify the performance of IR imaging at atmospheric pressure. Based on this fast and effective circuit model, a substrate-free FPA with pixel size of 50 × 50 μm 2 is fabricated. The noise equivalent temperature differences (NETDs) are measured experimentally to be 160 mK at 10 −2 Pa pressure and 1.08 K at atmospheric pressure.
According to the architecture of the substrate-free FPA, there are mainly three heat exchange mechanisms between the pixels and environment: [6] (i) the heat exchange through thermal radiation; (ii) the heat conduction through the air; (iii) the heat conduction through the heat transfer path, which delivers from the IR absorber to the Si outer frame. Here the Si outer frame is considered to be a temperatureconstant structure for its much larger heat capacity compared to the pixel. Thus the heat transfer model of the substrate-free FPA can be schematically shown in Fig. 1 , where G and T denote the thermal conductance and the average temperature of different components, respectively. The most significant difference from the substrate FPA is the temperature-variable supporting frame. [8, 9] It not only absorbs the IR radiation, but also participates in all the heat exchange mechanisms. Note that because of the heat conduction of the supporting frame, the heat will be transported from one pixel to the others, so that the thermal response must be evaluated by comprehensive analysis of the heat affected zone. Figure 2 (a) is an optical microscope image of a portion of the substrate-free FPA, and the inset is a close-up of an individual microcantilever. [8] As shown in Fig. 2(b) , considering the FPA (n × n pixels) to be initially at ambient temperature T a , its central area (m × m pixels) is exposed to a uniform radiation field.
According to the FEA performed previously, there is only a small temperature difference between the IR absorber and the legs in the heat affected zone, therefore a simplified equivalent circuit model can be proposed by assuming that the potential of the IR absorber is equal to the legs.
IR absorber (T c )
Outer frame (T a ) In the heat affected zone, all the pixels are considered to be an equivalent element with an average temperature rise of ΔT c , and their heat exchanges mentioned in the heat transfer model are equivalent to three parallel resistances: R meff,cond , R meff,rad , and R meff,air . They are estimated respectively by consideration as m × m parallel connections of resistances of a single pixel,
Based on the single pixel analyses performed previously, G leg,cond , G absorb,air , G leg,air can be easily expressed as Ref. [6] ,
where L leg is the length of the single leg, k 1 and k 2 are the thermal conductivities of the materials, ε 1 and ε 2 are the emissivity of the materials, A 1 and A 2 are the cross sectional areas of the legs, A leg and A absorb are the areas of the legs and the IR absorber of a single pixel, σ is the Stefan-Boltzmann constant (= 5.67 × 10
is the distance of the air gap between the substrate-free FPA and the vacuum chamber, λ hp is the pressure-independent thermal conductivity (= 0.0263), γ lp is the thermal conductivity per unit pressure and length, and P is the air pressure in the vacuum chamber (= 1.799).
Similarly, the supporting frame in the heataffected zone is also considered to be an equivalent element with an average temperature rise of ΔT mfrm , and the heat exchanges are equivalent to three parallel resistances: R mfrm,cond , R mfrm,rad , R mfrm,air , and can be expressed as [10] 
where L p is the length of a single pixel, A frm is the area of the supporting frame of a single pixel, and A f is the cross sectional area of the supporting frame. Note that the heat conduction between the pixels and the supporting frame is through the legs, the resistance R meff,cond therefore is connected in series with the three parallel resistances of the supporting frame. Finally, the total thermal conductance of the heat affected zone G mtotal can be expressed as
where
meff,air ) −1 , and β is the ratio of the absorbed energy of the supporting frame to the pixels in the heat affected zone (= Q mfrm /Q meff = (A absorb + A leg )/A frm ).
The total thermal conductance G mtotal has a strong effect on the performance of IR imaging: the smaller the total thermal conductance, the better the thermal response of IR imaging. Using the equivalent circuit model, the relationship between the total thermal conductance G mtotal and the air pressure P is evaluated and is shown in Fig. 3 (the assumptions used in the calculations included construction materials of SiN x and Au, pixel size of 50 × 50 μm 2 , array size of 240 × 240, heat affected zone of 5 × 5, ambient temperature of 300 K, IR absorber of 42 × 18 μm 2 ). The solid blue line indicates the situation of d = 2 mm, which is the typical air gap of the substrate-free FPA in our work. The total thermal conductance grows with the increasing air pressure, continuously increasing from 6×10 −7 to 10×10 −7 W/K in the air pressure range of 10 0 -10 2 Pa. This increase theoretically corresponds to a 40% decrease of NETD, and thus indicates that the substrate-free FPA should have the ability of IR imaging at atmospheric pressure but with a slightly degraded NETD. In fact, according to the circuit model, a better thermal response at atmospheric pressure can be achieved by increasing the air gap. The dashed red line in Fig. 3 shows the situation of d = 5 mm, where G mtotal increases by 25% and thus NETD would decrease by only 20%. It is worth emphasizing that because the typical air gap of the substrate FPA is about 2 μm, the influence of the air pressure to the substrate FPA is much more serious than the substrate-free FPA. G mtotal at atmospheric pressure is typically several orders of magnitude higher than G mtotal under a high vacuum. The substrate FPA therefore is very difficult to be used to image at atmospheric pressure. The above discussions about the performance of IR imaging at atmospheric pressure were validated experimentally by using a 240×240 substrate-free FPA. The pixel size is 50 × 50μm 2 . The structural and material parameters are as the same as the equivalent circuit model. Both the thermal images obtained at different air pressures and the corresponding NETDs measured experimentally are shown in Fig. 3 , where the thermal response of IR imaging decreases with the increase of the air pressure. The agreement of variation trends between NETD and G total is apparent but with a different magnitude. In particular, a comparison of the thermal response between 10 −2 and 10 5 Pa pressure is performed and shown in Fig. 3 . The NETDs are determined experimentally to be 160 and 1080 mK, respectively, and the ratio (=6.75) is much higher than the ratio of G total (=1.67) based on the prediction of the circuit model. This discrepancy is probably due to the experimental errors and the simplification of the equivalent circuit model. The system noise is typically 8 gray levels in our work. [9] In summary, an equivalent circuit model to the substrate-free FPA is established. Using this fast and effective model, the performance of IR imaging at atmospheric pressure is investigated and it is found that the substrate-free FPA has a good thermal response at atmospheric pressure, but with a degraded NETD as compared with IR imaging under a high vacuum. Further refinements can be achieved in various aspects, such as increasing the air gap, and improving the FPA geometry and/or materials.
